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Central place foragers select ocean 
surface convergent features despite 
differing foraging strategies
Matthew J. Oliver1, Josh T. Kohut2, Kim Bernard  3, William Fraser4, Peter Winsor5, 
Hank Statscewich5, Erick Fredj6, Megan Cimino7, Donna Patterson-Fraser4 & Filipa Carvalho  8
Discovering the predictors of foraging locations can be challenging, and is often the critical missing 
piece for interpreting the ecological significance of observed movement patterns of predators. This 
is especially true in dynamic coastal marine systems, where planktonic food resources are diffuse 
and must be either physically or biologically concentrated to support upper trophic levels. In the 
Western Antarctic Peninsula, recent climate change has created new foraging sympatry between 
Adélie (Pygoscelis adeliae) and gentoo (P. papua) penguins in a known biological hotspot near Palmer 
Deep canyon. We used this recent sympatry as an opportunity to investigate how dynamic local 
oceanographic features affect aspects of the foraging ecology of these two species. Simulated particle 
trajectories from measured surface currents were used to investigate the co-occurrence of convergent 
ocean features and penguin foraging locations. Adélie penguin diving activity was restricted to the 
upper mixed layer, while gentoo penguins often foraged much deeper than the mixed layer, suggesting 
that Adélie penguins may be more responsive to dynamic surface convergent features compared 
to gentoo penguins. We found that, despite large differences in diving and foraging behavior, both 
shallow-diving Adélie and deeper-diving gentoo penguins strongly selected for surface convergent 
features. Furthermore, there was no difference in selectivity for shallow- versus deep-diving gentoo 
penguins. Our results suggest that these two mesopredators are selecting surface convergent features, 
however, how these surface signals are related to subsurface prey fields is unknown.
Optimal foraging theory suggests central place foragers consider external cues like food quality, distance to food 
patch, and revisit times to food patches to maximize fitness1. The end result of the feedback between prey patch 
characteristics and the desire and ability of the predator to find food is manifested as random walks2, Lévy walks3, 
or other diffusive4 or multi-modal movements. Interpreting the ecological significance of these movement modes 
necessitates an understanding of the dynamic nature of the available environmental cues, the relative response of 
predators and prey to these cues, and how organisms remember these cues5. For example, many organisms appear 
to exhibit Lévy walks, which are documented to optimize foraging success of random searchers6. However, the 
selective interactions that lead to the emergence of these patterns are often unknown, hence in the absence of an 
understanding of selective cues between the environment and the focal individual, alternative movement modes 
may equally explain observed movement patterns7,8. Therefore, it is not enough to only establish a movement 
mode to understand the ecological significance of foraging behaviors or how these behaviors might change in 
dynamic environmental conditions. Discovering the environmental predictors of foraging locations is equally 
important, yet can be challenging and is often the critical missing piece for interpreting the ecological significance 
of observed movement patterns of predators. It is difficult to map environmental cues at the appropriate scale to 
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determine if they are being selected9,10, especially in a fluid marine environment. In the coastal Western Antarctic 
Peninsula (WAP), the food web is short and characterized by intense phytoplankton blooms that are grazed by 
Antarctic krill (Euphausia superba, referred to hereafter as “krill”), a primary prey source for penguins and other 
predators. Although krill aggregations occur throughout the WAP11, their distribution is extremely patchy even 
on scales less than 1 km12,13. Krill have intermediate Reynolds numbers (~102–103), compared to drifting phyto-
plankton (~10−2) and swimming penguins (~106), which means they can make directed movements, even though 
they are also heavily influenced by local circulation.
Lagrangian convergent features are representations of time-dependent concentrating ocean dynamics at scales 
relevant to marine predator foraging ecology. Broadly, they are regions that concentrate neutrally buoyant par-
ticles and are often associated with filaments and mesoscale features, such as eddies, jets and fronts. Convergent 
features, identified by time varying concentrations of buoyant particle densities, may be proxies for the mecha-
nisms by which sparse food resources move through marine trophic levels by collapsing the essential components 
of the food web in time and space. Realistic particle simulations show that convergent features have much higher 
concentrations of zooplankton14. Seabirds have also been associated with convergent features such as mesos-
cale eddies15, and their flight paths are coherent with dynamic convergent features16. Macaroni penguins have 
been shown to associate with convergent features at relatively large scales (10–100 km), presumably because they 
concentrate prey resources17. These studies have focused on relatively large-scale associations using infrequent 
satellite composites of ocean features. However, convergent features are dynamic in space and time, and therefore 
should optimally be examined at space and time scales relevant to predator foraging behaviors.
At our study site, Adélie penguin (Pygoscelis adeliae) populations have decreased rapidly over the last three 
decades, while numbers of gentoo penguins (P. papua) have increased18. These population changes have resulted 
in relatively recent sympatry between these two congeneric central place foragers in our study site, where they 
also exhibit partially overlapping foraging ranges over the Palmer Deep canyon (Fig. 1). In this study, we deter-
mine if these two species select convergent features in a similar way to guide their foraging behavior. To do this, 
we used an integrated ocean observatory (Fig. 1) to estimate the relationship between surface convergent features 
and the foraging behavior of these two mesopredators.
Figure 1. Map of the study site over Palmer Deep. Locations of tagged Adélie (red) and Gentoo Penguin (grey) 
forage dives (circles), search dives (squares) and transits (triangles) for 2015 study season are shown. The convex 
spatial hulls are shown for the tagged (thin red) and simulated (red dashed) Adélie and the tagged (thin grey) 
and simulated (grey dashed) Gentoo Penguins for the 2015 study season. Also shown is the Adélie colony at 
Torgersen (red diamond) and the gentoo colony at Biscoe Point (grey diamond); the HFR sites (green squares); 
the HFR data footprint (thin black line); and the glider time series (black circle). The maps were generated by 
the authors J.K. and H.S. using Matlab version R2016b (www.mathworks.com).
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Results
Penguin Locations Relative to Ocean Features. During the austral summer of 2014–2015, we mapped 
penguin foraging patterns relative to sea surface currents derived each hour from a High Frequency Radar (HFR) 
network over Palmer Deep canyon (Fig. 2a)19. Simulated passive particles released in the hourly surface current 
maps were used to identify the location and intensity of convergent features that may locally concentrate prey 
biomass during penguin foraging days. Maps of Relative Particle Densities (RPD) derived from particles released 
each hour across the HFR footprint were used to estimate the location of convergent features each hour between 
January 1st and March 1st 2015, where higher RPD values were indicative of convergence (Fig. 2b).
For 11 Adélie and 7 gentoo penguins, there was a total of 124 and 98 ARGOS class 1–3 locations representing 
27 and 17 foraging trips, respectively. These locations were spatially matched to hourly RPD (Tables 1 and 2). 
ARGOS locations were classified as transiting, searching or foraging based on their dive profiles within 1, 2.5, 
5, and 15 minutes of the ARGOS location (Tables 1 and 2). Adélie penguin dives associated with ARGOS loca-
tions had significantly higher RPD values compared to RPD values across the entire HFR field and significantly 
higher RPD values compared to the RPD values sampled by simulated Adélie penguins (p ≪ 0.001 and p ≪ 0.001, 
two-sample Kolmogorov-Smirnov tests respectively, Fig. 3a). Gentoo penguin locations had higher RPD values 
compared to RPD values across the entire HFR field but these were weakly significant (p = 0.03, two-sample 
Kolmogorov-Smirnov tests respectively, Fig. 3b). However, compared to RPD values sampled by simulated gentoo 
penguins, tagged gentoo penguins showed a significant selection for higher values as well (p ≪ 0.001, two-sample 
Kolmogorov-Smirnov tests, Fig. 3b).
Both simulated and tagged penguins covered different areas of the HFR field during our experiment, and 
therefore experienced different RPD. However, simulated penguins within the convex hull of their tagged coun-
terparts still showed significantly lower RPD values compared to tagged Adélie and gentoo penguins (p = 0.02 
and p = 0.0005, respectively). To test the sensitivity of these results to the effects of individual trips or individual 
penguins, we resampled these ARGOS locations, systematically leaving out one foraging trip or one penguin 
(represented by the grey envelope in Fig. 3a,b). In all resampling cases, the Adélie and gentoo ARGOS RPD 
Figure 2. Convergent features near penguin foraging. (a) Hourly surface current map, January 27, 08:00 GMT 
2015. The HFR sites located at Palmer Station (green triangle) and the Wauwermans (green diamond) and 
Joubin (green square) island groups are also shown. (b) Map showing the distribution of particles on January 27, 
08:00 GMT (black dots) overlaid on the particle density metric (number of particles within each 1 × 1 km cell 
minus the median across all cells). The location of penguins is also shown (red circles). The maps were generated 
by the corresponding author J.K. using Matlab version R2016b (www.mathworks.com).
Species
Time Window 
(minutes) Transiting Search Diving Forage Diving
Adélie
1 0.001 (N = 32) ≪0.001 (N = 18) ≪0.001 (N = 74)
2.5 ≪0.001 (N = 22) 0.004 (N = 8) ≪0.001 (N = 94)
5 0.004 (N = 16) 0.004 (N = 7) ≪0.001 (N = 101)
15 0.184 (N = 2) 0.307 (N = 4) ≪0.001 (N = 118)
Gentoo
1 0.009 (N = 49) 0.760 (N = 7) 0.309 (N = 42)
2.5 0.373 (N = 22) 0.460 (N = 4) 0.063 (N = 72)
5 0.547 (N = 10) 0.836 (N = 2) 0.007 (N = 86)
15 0.835 (N = 2) N = 0 0.009 (N = 94)
Table 1. The p-value and number of observations for KS tests comparing the field RPD to Adélie and gentoo 
ARGOS locations classified into transiting, search diving and forage diving behavior. The classifications were 
based on 1, 2.5, 5, and 15 minute windows before and after the ARGOS hit to classify the location. Bold text 
indicates that ARGOS locations had higher RPD than the field RPD.
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values were significantly higher than both the field and simulated penguin RPD values (p ≪ 0.001, two-sample 
Kolmogorov-Smirnov tests). As a result, it is likely that both Adélie and gentoo penguins were systematically 
selecting for higher RPD.
We partitioned the ARGOS locations by behavior classification within the above mentioned time inter-
vals (Tables 1 and 2). For Adélie penguins, ARGOS locations classified as foraging and search diving behavior 
occurred in significantly higher RPD compared to both the background RPD and the simulated penguin RPD. 
The exception was for the search diving behavior classified with a 15 minute time window, likely due to a low 
sample size (n = 4). Adélie penguin ARGOS locations classified as transiting had higher RPD compared to the 
background RPD, except when using a 15 minute time window due to low sample size (n = 2). Furthermore, only 
RPD for transiting Adélie penguins classified with the 2.5 minute window were significantly higher than the sim-
ulated penguins, although it should be noted that for the shorter time window of 1 minute the p-value was 0.075. 
For the tagged gentoo penguins, only ARGOS locations classified as forage diving had significantly higher RPD 
compared to the simulated penguin RPD for all time classifications. Search diving behavior had very few samples. 
The largest sample size for ARGOS locations classified as transiting with a 1 minute time window had significantly 
higher RPD compared to both background and simulated penguin RPD, while the longer time windows with 
fewer samples did not have significantly higher RPDs compared to both the background and simulated RPD. 
Overall, only ARGOS locations classified as forage diving had significantly higher RPD compared to simulated 
penguin RPD across both species and all time windows (Table 2).
Adélie and gentoo penguins displayed markedly different diving behaviors relative to oceanographic features. 
Adélie penguins foraged in waters above the mixed layer at depths between 5 and 50 m, where the surface layer 
is sensitive to atmospheric forcing, while gentoo penguins foraged both above and below the mixed layer, at 
depths between 5 and 100 m (Fig. 3c,d). The mixed layer depth (MLD), estimated from the maximum buoyancy 
frequency20, was ~30 m during the time period that Adélie penguins were tagged and deepened to ~50 m during 
the period gentoos were tagged, which accords with natural seasonal changes21. We partitioned the gentoo data 
by dive depth relative to MLD. Gentoo penguins diving shallower than the MLD selected for higher RPD values 
than the simulated gentoo penguins (p = 0.028). Gentoo penguins diving deeper than the MLD also selected for 
higher RPD values compared to the simulated gentoo penguins (p ≪ 0.001). The distributions of RPD targeted by 
the shallow and deep diving penguins were not significantly different (p = 0.1), indicating that gentoo selectivity 
of surface RPD was not dependent on penguin foraging depth.
Relative Particle Density Values in Diurnal and Semi-Diurnal Tidal Regimes. Prior work has 
shown that local tides are coherent with Adélie penguin ARGOS locations over Palmer Deep22. The dominant 
tidal constituent near Palmer Station is the diurnal K1 followed closely by another diurnal constituent, O1. The 
two prominent semi-diurnal constituents, K2 and M2, are smaller in magnitude23. The interaction of these constit-
uents leads to a unique mixed tide that is slightly diurnal-dominated based on tide gauge data collected at Palmer 
Station23. The result is a tidal forcing and response that transitions from a diurnal to semi-diurnal regime approx-
imately every two weeks. A long-term (2002–2011) record of Adélie penguin foraging distances showed that 
Adélies foraged at greater distances from shore during semi-diurnal tides, compared to diurnal tides (Fig. 4)22. In 
2015, Adélie ARGOS locations expanded to the south and east during semi-diurnal tides, while gentoo ARGOS 
locations translated to the north and west during semi-diurnal tides. During the austral summer of 2014–2015, 
we mapped the location of strong convergent features based on the hourly RPD maps partitioned by days with 
semi-diurnal and diurnal tides. The convergent features were defined as grid cells with particle counts, normal-
ized by subtracting the spatial median, greater than 100. The location frequency of these strongest fronts associ-
ated with the semi-diurnal and diurnal tidal regimes are shown in Fig. 4. During the semi-diurnal tidal regime, 
the highest occurrence of convergent features was located offshore over the central canyon (Fig. 4a), consistent 
with the offshore historic Adélie penguin foraging locations observed during semi-diurnal tides. During the diur-
nal tidal regime, the location of the highest percentage of convergent features moved south and inshore (Fig. 4b), 
closer to the penguin colonies. We suggest that the predictability of the locations of convergent features associated 
Species
Time Window 
(minutes) Transiting Search Diving Forage Diving
Adélie
1 0.075 (N = 32) 0.001 (N = 18) ≪0.001 (N = 74)
2.5 0.028 (N = 22) 0.017 (N = 8) ≪0.001 (N = 94)
5 0.057 (N = 16) 0.021 (N = 7) ≪0.001 (N = 101)
15 0.294 (N = 2) 0.543 (N = 4) ≪0.001 (N = 118)
Gentoo
1 ≪0.001 (N = 49) 0.339 (N = 7) 0.025 (N = 42)
2.5 0.120 (N = 22) 0.189 (N = 4) ≪0.001 (N = 72)
5 0.466 (N = 10) 0.821 (N = 2) ≪0.001 (N = 86)
15 0.874 (N = 2) N = 0 ≪0.001 (N = 94)
Table 2. The p-value and number of observations for KS tests comparing the RPD of simulated Adélie or 
gentoo penguins to Adélie or gentoo ARGOS locations classified into transiting, search diving and forage diving 
behavior. The classifications were based on 1, 2.5, 5, and 15 minute windows before and after the ARGOS hit to 
classify the location. Bold text indicates that ARGOS locations had higher RPD than the simulated penguins 
RPD.
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with the changing tidal regimes combined with their selection for these convergent features provides a mechanis-
tic explanation for the variability in historic foraging locations observed in Adélie penguins22.
Discussion
The outer and mid WAP continental shelf is characterized by irregular, episodic intrusions of Upper Circumpolar 
Deep Water (UCDW)24,25 that drive intense phytoplankton blooms that may be advected into coastal regions26,27. 
These blooms are fed on by krill, which show a high degree of interannual variability in their abundance28,29, both 
along the shelf and into coastal regions30–32. Palmer Deep canyon supports enhanced phytoplankton production33 
and is considered a biological hotspot that is home to Adélie, gentoo and chinstrap penguins34. This region is also 
a common feeding ground for humpback whales (Megaptera novaeangliae)35, indicating that it is a place where 
upper trophic levels are persistently linked to primary producers through krill and other zooplankton. What is 
not known are the specific physical mechanisms that concentrate the various levels of the food web at the scales 
of the individual predators.
Within the Palmer Deep hotspot, a historical analysis (10 years) of Adélie penguin foraging locations demon-
strated a correlation to local tidal regimes, indicating that individual penguins may track tidally-driven features, 
such as convergent zones, associated with the diurnal and semi-diurnal tides19,22. Here we show that as the tidal 
regime shifts from diurnal to semi-diurnal, the spatial patterns in the occurrence of strong convergent features 
is matched by similar shifts in penguin foraging locations. While penguin foraging locations and the occurrence 
Figure 3. Penguin selectivity relative to convergent ocean features. Distribution of observed field PD values 
available to the penguins (grey dashed) and distribution of PD values at the tagged (solid black) and simulated 
(black dashed) penguin dive location for the (a) Adélie and (b) Gentoo Penguins. The range of solutions with of 
the resampled penguins by individual and by foraging trip is shown as a gray shade. Foraging dive depths (black 
dots) with one standard deviation and daily mixed layer depth determined from the station keeping glider (grey 
line) for the (c) Adélie and (d) gentoo penguins.
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of convergent features covaried with tidal regime (Fig. 4), we show that both Adélie and gentoo penguins were 
specifically selecting for stronger surface convergent zones than were available based on simulations, suggesting 
the importance of these features at the scale of the individual. Despite the different typical dive depths exhibited 
by these two species, both the shallow-diving Adélie and deeper-diving gentoo penguins selected for surface 
convergent features (Fig. 3).
Penguins in the Palmer Deep canyon region travel relatively short distances (~8–25 km) during foraging trips 
compared to penguins breeding in many other locations, where foraging distances may reach up to 100 km36. 
These short foraging distances are also combined with the persistence of foraging locations across both tidal 
regimes, suggesting that these penguins may not need to use environmental cues to initiate foraging behavior; 
that is, they are simply returning to the same general location to find prey because the prey field spans the entire 
area. However, we argue that this is not always the case. Although the prey-scape was not spatially resolved in this 
study, previous vessel and AUV acoustic surveys in the region report typical krill patch length scales on the order 
of 40 m12,37. These patches are dispersed hundreds of meters apart across the +20 km foraging range of the local 
Adélie and gentoo colonies12. This spacing by itself might suggest that both Adélie and gentoo penguins could 
return to the same foraging ground and be successful, independent of foraging cues. However, measurements of 
the residence time of this region indicate that the surface layer is replaced on average every two days, and can 
be as short as 18 hours38. This leads to a very patchy and rapidly evolving prey environment within the penguin 
foraging range that is simultaneously targeted by other species including whales and seals. Therefore, the rapid 
replacement of the surface layer may necessitate individual foraging responses triggered by oceanographic con-
ditions at the scale of the individual, along with memory of recent successful foraging trips, or social cues from 
other foragers5.
At Palmer Station, Adélie penguins are often relatively shallow divers (<50 m)39 compared to gentoo penguins 
that often dive deeper (<100 m)37,40. Gentoo penguins are the larger of the two species and consequently have a 
greater scope for maximum diving depth, even though Adélie penguins are capable of dives to similar depths41. 
During our study, Adélie penguins not only selected for stronger surface convergent features compared to their 
availability, but their foraging was also limited to the surface mixed layer. In contrast, gentoo penguins foraged 
both above and below the surface mixed layer, with some dives as deep as 150 m, yet also selected for stronger 
surface convergent features. We suggest that despite the variable foraging dive depths relative to the mixed layer, 
both species use surface layer convergent features as foraging cues.
ARGOS locations associated with foraging behavior for both species had consistently higher RPD compared 
to simulated penguins and background RPD suggesting that convergent features may cue foraging behavior. What 
is less clear is the impact of higher RPD for transiting Adélie and gentoo penguins. Gentoo penguins showed little 
selectivity for increased RPD during transiting behavior, with only one exception, suggesting that perhaps gen-
too penguins are using past foraging experiences to get to a general foraging region before selecting for higher 
RPD values at finer spatial scales. Transiting Adélie penguins, however, showed some selectivity for higher RPD 
compared to background concentrations. As the time window we used to behaviorally classify ARGOS locations 
widened (Table 1), all but two ARGOS locations were considered to be associated with foraging behavior, sug-
gesting foraging behavior could be interspersed throughout a foraging trip. It has been shown previously that 
ARGOS locations without diving behavior were strongly coherent with ARGOS locations with diving behavior in 
this location for Adélie penguins22.
The link between the occurrence of strong convergent features and the foraging behavior of satellite-tagged 
penguins raises important questions about the coupling mechanisms operating throughout the entire food web. 
These convergent features may coincidently concentrate or attract krill in the surface layer, and trigger penguin 
Figure 4. Maps of the percent of occurrence of the convergent features based on RPD (number of particles minus 
median > 100) observed during (a) semi-diurnal and (b) diurnal days. The spatial density kernels (black contours) 
based on 10 years of tagged Adélie data are shown in panel a) for the semi-diurnal days and in panel b) for diurnal 
days25. The convex hulls for the 2015 Adélie (red) and gentoo (grey) ARGOS locations are also shown. In 2015, 
Adélie penguins also foraged closer to their home colony during diurnal, compared to semi-diurnal tides. The 
maps were generated by the corresponding author J.K. using Matlab version R2016b (www.mathworks.com).
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foraging behavior, irrespective of whether penguins are shallow- or deep-diving. This would be consistent with 
a penguin that repeatedly dives in the same location once a prey patch is found5. Alternatively, there may be 
different physical mechanisms that concentrate prey above and below the mixed layer. For example, barotropic 
tides influence the entire water column, while the seasonal surface mixed layer circulation is likely driven by local 
winds38 but retains a tidal signal when integrated over the foraging season. Below the mixed layer, circulation is 
likely driven by the bathymetric steering of density currents along isobaths (i.e. along f/H contours), suggesting 
the influence of the Palmer Deep canyon. Critically, these depth-dependent features could be co-located with 
deeper gentoo prey aggregations, thus explaining why deep-diving gentoos appear to be selecting for higher sur-
face convergence, even though they are feeding well below the surface mixed layer. Another speculative possibility 
that could explain why deep diving penguins selected for higher surface RPD, is that they may select convergent 
features independently of visual prey detection. Dimethylsulphoniopropionate is released from grazed phyto-
plankton, which is volatilized in the ocean surface as dimethyl sulphide (DMS)42, and is not necessarily correlated 
to surface phytoplankton concentrations43. Krill-consuming chinstrap penguins (P. antarctica), for example, have 
been shown to be attracted to DMS44, and African penguins (Spheniscus demersus) have been shown to use DMS 
as a foraging cue45. If surface RPD values are a proxy for higher DMS, this may explain why deep diving gentoo 
penguins select for higher RPD values.
Given our results, we believe that physical factors like surface convergent features are an important mecha-
nism that influences penguin foraging locations, and are therefore a critical feature influencing the maintenance 
of the Palmer Deep biological hotspot for penguins. Convergent fronts likely concentrate krill, the primary prey 
of penguins46 in this region. This example of tight coupling from the hydrography through the lower trophic levels 
to foraging penguins shows the important role that these physical features may have on the coastal Antarctic food 
web. If these features are commonly targeted by predators, they may represent a key physical mechanism that is 
critical for the persistence of the Palmer Deep biological hotspot over the last 1000 years34, despite known climate 
and environmental variability. However, because this study did not simultaneously resolve the distribution of 
krill and all of their major predators, there is still much work to be done to understand how important prey con-
vergence is relative to other factors affecting prey distributions. Even though both penguin species selected, on 
average, for higher convergence zones, both also utilized a wide range of particle densities. This suggests to us that 
there are other important factors, in addition to surface convergence, affecting foraging behavior. One possibility 
is the top-down impact of other krill predators. For example, Adélie penguins at Cape Crozier in the Ross Sea 
increased their foraging duration and dove deeper as krill were removed by predation near the colony47, suggest-
ing a significant top-down control on penguin foraging location. In our study, we also observed a deepening of 
forage depths by Adélie penguins (Fig. 3c). Because this study did not resolve the distribution of krill, or account 
for other krill predators like whales, it is difficult for us to tell if prey depletion was an important factor in this 
study. One important difference between the colonies at Cape Crozier and those at Palmer Deep is that of colony 
size; the colonies in the Ross Sea that showed the prey depletion effect are two orders of magnitude larger than 
those near Palmer Deep. Because of this, we speculate that top-down effects like prey depletion play a relatively 
smaller role in determining foraging location near Palmer Deep. However, the relative importance of bottom up 
physical concentration factors and top down biological factors on penguin foraging remains an open and impor-
tant question for understanding how these ecosystems may change in the future.
Materials and Methods
High Frequency Radar (HFR). HFR systems, typically deployed along the coast use Bragg peaks within 
a transmitted signal (3~30 MHz) scattered off the ocean surface to calculate radial components of the surface 
velocity at a given location48. Individual sites, composed of electronics, cables and a transmit and receive antenna, 
generate maps of surface component vectors directed toward the antenna with range resolution of 500 m hori-
zontally and 5 degrees in azimuth. To provide sufficient coverage over the penguin foraging grounds associated 
with Palmer Deep, a three-site HFR network was deployed in November 2014 (Fig. 2). The first site was deployed 
at and powered by Palmer Station. The other two sites, deployed at the Joubin and Wauwermans Islands, relied 
on remote power systems that were constructed on site, lightered to shore via zodiac with ship support. Remote 
Power Modules (RPMs) generated the required power for the HFRs through a combination of small-scale micro 
wind turbines and a photovoltaic array with a 96-hour battery backup19. The RPMs consisted of a single water-
tight enclosure, used to house power distribution equipment, the HFR, and the communication gear. Built-in 
redundancies within the RPMs, including wind charging/resistive loads, solar energy, and independent battery 
banks ensured that, should any one component fail, the unit would be able to adjust autonomously. Each site 
also collected 15-minute meteorological measurements of air temperature, wind, relative humidity, and solar 
radiation. Communication between the two remote sites and Palmer Station was with line of sight radio modems 
(Freewave), which enabled remote site diagnostics and maintenance and provided a real-time data link.
The three-site network collected hourly measurements of ocean surface current component vectors through-
out the penguin foraging season (November 2014 through March 2015). Every hour, the radial components 
from each site were combined into two-dimensional vector maps using the optimal interpolation algorithm of49. 
Throughout the time of active penguin foraging, a roughly 1,500 km2 area of ocean over Palmer Deep was cov-
ered greater than 80% of the time with hourly maps of surface ocean circulation. The evolution of these current 
fields was used to identify convergent features, including fronts and eddies, relative to known penguin foraging.
Surface Convergent Features. Various metrics have been used to map ocean convergent features. Maps 
of Lagrangian Coherent Structures (LCS), specifically Finite-Time Lyapunov Exponent (FTLE) and Finite-Space 
Lyapunov Exponent (FSLE) have seen greater application to marine ecological studies14,16,50,51. While these met-
rics often delineate boundaries in a fluid that distinguish regions with differing dynamics52 they are based on an 
www.nature.com/scientificreports/
8Scientific REPORTS |           (2019) 9:157  | DOI:10.1038/s41598-018-35901-7
assumption that the input velocity fields are horizontally non-divergent (i.e. zero vertical velocity). The highly 
resolved current maps provided by the HFR network deployed over Palmer Deep display complex currents that 
do not meet this important criterium for both FTLE and FSLE. Consequently, we define a more appropriate 
metric to map the convergent features within our study site consistent with the dynamics captured by the HFR 
surface current maps.
To objectively map the time and location of convergent ocean features in the mapped surface current time 
series, we used a metric derived from simulated particle releases in the HFR surface current fields. Our relative 
particle density (RPD) metric is calculated based on the movement of simulated particles released in the HFR 
footprint and tracked over time. Each hour, we released simulated particles over a 200 × 200 m grid over the HFR 
footprint. The Lagrangian particles were advected in the HFR velocity field with a 4th-order Runge-Kutta integra-
tion scheme for a period of 48 hours. In our application, we compute hourly maps of RPD from t1 = December 
31, 2014, to tN = February 19, 2015 (spanning the date range that penguins were tagged and actively foraging).
The hourly RPD was determined by the number of particles within 1 × 1 km boxes within the overlapping 
HFR coverage and penguin foraging grounds (Fig. 2b). To minimize the effect of the grid on the particle densities, 
only particles in the field for at least 6 hours were included in the count. To correct for time varying residence time 
of particles throughout the study period38, each count was normalized by subtracting the median count across all 
1 km boxes within the field for each time step (Fig. 2b), termed RPD for the purposes of this analysis.
Slocum Glider. Gliders are buoyancy driven vehicles that dive and climb at a nominal 26° angle and travel 
in a vertical “sawtooth” pattern between predetermined surface events 49. Glider-based sampling provided a 
continuous presence, through all weather conditions, over the spatial domain identified by the HFR network. 
Simultaneous measurements of physical and biological variables from the gliders sampled the spatial and tempo-
ral variability over Palmer Deep. A glider was programmed to complete a mission as a virtual mooring between 
January 5, 2015 to February 26, 2015 (Fig. 1), diving between the surface and 100 m. The glider was equipped with 
a sensor suite to characterize the ecosystem’s physical structure (Seabird C, T, D). This glider provided the time 
series of mixed layer depth throughout the penguin foraging time period used in this analysis20.
Penguin Tagging and Dive Analysis. From January 5 to 28, 2015, we deployed ARGOS satellite trans-
mitters on 12 Adélie penguins (8 female, 4 male) that nested on Torgersen Island (64°46′S, 64°5′W), and from 
January 27 to February 7, 2015, we deployed satellite transmitters on 7 gentoo penguins (2 female, 5 male) at 
Biscoe Point (64°49′S, 63°46′W). All protocols were carried out in accordance with the approved guidelines of 
the Columbia University Institutional Animal Care and Use Committee (Assurance #AAAH8959). Tagged pen-
guins were paired and had brood-stage nests containing two chicks. Penguins were equipped with SPOT 5 sat-
ellite transmitters (Wildlife Computers Redmond, WA, USA) and Lotek LAT1400 time-depth recorder (Lotek 
Wireless, Inc, St. John’s Canada; resolution of 0.05 m, accuracy of 2 m) sampling at 2 Hz. Dive depths less than 
5 m were not recorded to save space on the memory cards. Transmitters were attached to the anterior feathers on 
the lower dorsal region using waterproof tape and small plastic zip ties. Transmitters were removed and rotated 
to new penguins every 3–5 days dependent on weather conditions. Penguin locations were filtered to remove 
inaccurate location data due to erroneous terrestrial positions, unreasonable locations based on swimming speed 
and coastal geometry, following published the data processing methods37. We time-matched dive records to loca-
tion data and the maximum dive depth was determined for each dive. Penguin dives were classified into transit, 
search and foraging dives, where foraging dives consisted of wiggles, plateaus or bottom time where prey was 
likely pursued (see37 for more information). The convex hulls of penguin locations were computed using chull in 
the grDevices package53.
Penguin Habitat Selectivity Statistical Tests. We compared the distribution of penguin ARGOS loca-
tions to distributions of available RPD values using two-sided Kolmogorov-Smirnov tests (ks.test in the stats 
package)53 to test for habitat selectivity. Penguin selectivity is inferred from the distributional differences between 
RPD values at penguin ARGOS locations. Several considerations are needed for comparing penguin ARGOS 
locations to RPD simulations. For this analysis, we used ARGOS classes 1–3 (estimated accuracy is 350–1000 m, 
150–350 m and <150 m, respectively), which have errors similar to, or smaller than the RPD grid cells. Penguins 
periodically haul-out on sea ice or islands during their foraging trips, so we restricted our analysis to ARGOS 
locations where the wet sensors were triggered and were within the field of computed RPD values. We used two 
estimates of available habitat for Adélie and gentoo penguins. The first estimate of available RPD habitat is the 
entire RPD HFR field over Palmer Deep during the times the penguins were foraging, because both Adélie and 
gentoo penguins are capable of traversing the entire RPD field in a single foraging trip. The second estimate of 
available RPD habitat was based on simulated Brownian motion of central place foragers (simm.bb in the adehab-
itatLT R package)54, nesting at the Adélie and the gentoo penguin colonies (Fig. 1). We simulated two penguins 
per day from each colony, which was similar to the tagging effort during the field season. A 10-year analysis 
of foraging trip duration showed that these penguins take forage trips up to 48 hours, but most are 6–24 hr22. 
Simulated foraging trip duration was limited to 24 hr in one hour time steps, and the simulated penguin speeds 
were normally distributed around a mean of 4 km hr−1, and a maximum of 8 km hr−1 to mimic Adélie and gentoo 
penguin swimming speeds55. Brownian motion is an uncorrelated movement that represents random foragers not 
selecting for environmental features, remembering previous feeding locations, or cuing off of other environmen-
tal proxies. We used these simulated penguin locations as a null metric of available RPD values by a non-selecting 
central place forager originating from the Adélie and gentoo penguin nesting sites.
The possibility of individual effects in tagging studies is a persistent problem reflected in their foraging trips 
or individual behavior. To deal with the possibility of foraging trip level effects driving the results of the of the 
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Kolmogorov-Smirnov tests, we systematically withheld individual foraging trips and individual penguins from 
our analysis to test the sensitivity of our results to individuals foraging trips being withheld from the analysis.
Data Availability
The HFR datasets are archived and accessible through the United States National HF radar archive housed at the 
National Oceanic and Atmospheric Administration (NOAA) National Data Buoy Center (NDBC): http://hfradar.
ndbc.noaa.gov/. Additionally, the post-processed raw and de-tided total vector maps can be accessed via the Rut-
gers HFR Environmental Research Division Data Access Program (ERRDAPP) Service: http://hfr.marine.rutgers.
edu/. The other datasets including the glider and penguin tagged data are available from the corresponding author 
on reasonable request, as some of these data are still in use for student dissertations.
References
 1. Pyke, G. H. Optimal foraging theory: a critical review. Annu Rev Ecol Syst 15, 523–575 (1984).
 2. Berg, H. C. Random Walks in Biology (Princeton University Press, Princeton, NJ, 1983).
 3. Klafter, J. & Sokolov, I. M. Anomalous diffusion spreads its wings. Physics world 18, 29 (2005).
 4. Okubo, A. & Levin, S. A. Diffusion and ecological problems: modern perspectives (Springer, New York, 2001).
 5. Ford, R. G. et al. Testing assumptions of central place foraging theory: a study of Adélie penguins Pygoscelis adeliae in the Ross Sea. 
J Avian Biol 46, 193–205 (2015).
 6. Viswanathan, G. M., Buldyrev, S. V., Havlin, S. & Da Luz, M. G. E. Optimizing the success of random searches. Nature 401, 911 
(1999).
 7. Palyulin, V. V., Chechkin, A. V. & Metzler, R. Lévy flights do not always optimize random blind search for sparse targets. Proc Natl 
Acad Sci USA 111, 2931–2936 (2014).
 8. Benhamou, S. How many animals really do the Levy walk. Ecology 88, 1962–1969 (2007).
 9. Nathan, R. et al. A movement ecology paradigm for unifying organismal movement research. Proc Natl Acad Sci USA 105, 
19052–19059 (2008).
 10. Reynolds, A. M. & Rhodes, C. J. The Lévy flight paradigm: random search patterns and mechanisms. Ecology 90, 877–887 (2009).
 11. Atkinson, A. et al. Oceanic circumpolar habitats of Antarctic krill. Mar Ecol Prog Ser 362, 1–23 (2008).
 12. Bernard, K. S. et al. Factors that affect the nearshore aggregations of Antarctic krill in a biological hotspot. Deep-Sea Res Part I 126, 
139–147 (2017).
 13. Bernard, K. S. & Steinberg, D. K. Krill biomass and aggregation structure in relation to tidal cycle in a penguin foraging region off 
the Western Antarctic Peninsula. ICES J Mar Sci 70, 834–849 (2013).
 14. Harrison, C. S., Siegel, D. A. & Mitarai, S. Filamentation and eddy− eddy interactions in marine larval accumulation and transport. 
Mar Ecol Prog Ser 472, 27–44 (2013).
 15. Hyrenbach, K. D., Veit, R. R., Weimerskirch, H. & Hunt, G. L. Seabird associations with mesoscale eddies: the subtropical Indian 
Ocean. Mar Ecol Prog Ser 324 (2006).
 16. Kai, E. T. et al. Top marine predators track Lagrangian coherent structures. Proc Natl Acad Sci USA 106, 8245–8250 (2009).
 17. Bon, C. et al. Influence of oceanographic structures on foraging strategies: Macaroni penguins at Crozet Islands. Mov Ecol 3, 32 
(2015).
 18. Schofield, O. et al. How do polar marine ecosystems respond to rapid climate change? Science 328, 1520 (2010).
 19. Kohut, J. et al. Studying the impacts of local oceanographic processes on Adélie Penguin foraging ecology. Mar Technol Soc J 48, 
25–34 (2014).
 20. Carvalho, F., Kohut, J., Oliver, M. J. & Schofield, O. Defining the ecologically relevant mixed‐layer depth for Antarctica’s coastal seas. 
Geophys Res Lett 44, 338–345 (2017).
 21. Carvalho, F., Kohut, J., Oliver, M. J., Sherrell, R. M. & Schofield, O. Mixing and phytoplankton dynamics in a submarine canyon in 
the West Antarctic Peninsula. J Geophys Res C 121, 5069–5083 (2016).
 22. Oliver, M. J. et al. Adélie Penguin Foraging Location Predicted by Tidal Regime Switching. PloS One 8, e55163 (2013).
 23. Amos, A. F. RACER: the tides at Palmer Station. Antarct J US 28, 162–164 (1993).
 24. Moffat, C., Owens, B. & Beardsley, R. C. On the characteristics of Circumpolar Deep Water intrusions to the west Antarctic 
Peninsula continental shelf. J Geophys Res C 114 (2009).
 25. Martinson, D. G. & McKee, D. C. Transport of warm Upper Circumpolar Deep Water onto the western Antarctic Peninsula 
continental shelf. Ocean Sci 8, 433 (2012).
 26. Dinniman, M. S. & Klinck, J. M. A model study of circulation and cross-shelf exchange on the west Antarctic Peninsula continental 
shelf. Deep Sea Research Part II: Topical Studies in Oceanography 51, 2003–2022 (2004).
 27. Prézelin, B. B., Hofmann, E. E., Moline, M. & Klinck, J. M. Physical forcing of phytoplankton community structure and primary 
production in continental shelf waters of the Western Antarctic Peninsula. J Mar Res 62, 419–460 (2004).
 28. Saba, G. K. et al. Winter and spring controls on the summer food web of the coastal West Antarctic Peninsula. Nat Commun 5, 
https://doi.org/10.1038/ncomms5318 (2014).
 29. Steinberg, D. K. et al. Long-term (1993–2013) changes in macrozooplankton off the Western Antarctic Peninsula. Deep-Sea Res Part 
I 101, 54–70 (2015).
 30. Hofmann, E. E., Klinck, J. M., Locarnini, R. A., Fach, B. & Murphy, E. Krill transport in the Scotia Sea and environs. Antarct Sci 10, 
406–415 (1998).
 31. Piñones, A., Hofmann, E. E., Daly, K. L., Dinniman, M. S. & Klinck, J. M. Modeling environmental controls on the transport and fate 
of early life stages of Antarctic krill (Euphausia superba) on the western Antarctic Peninsula continental shelf. Deep-Sea Res Part I 
82, 17–31 (2013).
 32. Piñones, A., Hofmann, E. E., Daly, K. L., Dinniman, M. S. & Klinck, J. M. Modeling the remote and local connectivity of Antarctic 
krill populations along the western Antarctic Peninsula. Mar Ecol Prog Ser 481, 69–92 (2013).
 33. Kavanaugh, M. T. et al. Effect of continental shelf canyons on phytoplankton biomass and community composition along the 
western Antarctic Peninsula. Mar Ecol Prog Ser 524, 11–26 (2015).
 34. Emslie, S. D., Fraser, W., Smith, R. C. & Walker, W. Abandoned penguin colonies and environmental change in the Palmer Station 
area, Anvers Island, Antarctic Peninsula. Antarct Sci 10, 257–268 (1998).
 35. Friedlaender, A.S., Fraser, W. R., Patterson-Fraser, D. L., Qian, S. S., & Haplin, P. N. The Effects of Prey Demography on Cetacean 
Community Structure Around the Western Antarctic Peninsula. Polar Biol in press (2008).
 36. Williams, T. D. The penguins (Oxford University Press, 1995).
 37. Cimino, M. A., Moline, M. A., Fraser, W. R., Patterson-Fraser, D. L. & Oliver, M. J. Climate-driven sympatry may not lead to foraging 
competition between congeneric top-predators. Sci Rep 6, https://doi.org/10.1038/srep18820 (2016).
 38. Kohut, J. T. et al. Variability in summer surface residence time within a West Antarctic Peninsula biological hotspot. Philosophical 
Transactions of the Royal Society A, https://doi.org/10.1098/rsta.2017.0165 (2018).
www.nature.com/scientificreports/
1 0Scientific REPORTS |           (2019) 9:157  | DOI:10.1038/s41598-018-35901-7
 39. Chappell, M. A., Shoemaker, V. H., Janes, D. N., Bucher, T. L. & Maloney, S. K. Diving behavior during foraging in breeding Adelie 
penguins. Ecology 74, 1204–1215 (1993).
 40. Croxall, J. P., Davis, R. W. & O’Connell, M. J. Diving patterns in relation to diet of gentoo and macaroni penguins at South Georgia. 
Condor 157–167 (1988).
 41. Schreer, J. F. & Kovacs, K. M. Allometry of diving capacity in air-breathing vertebrates. Can J Zool 75, 339–358 (1997).
 42. Dacey, J. W. H. & Wakeham, S. G. Oceanic dimethylsulfide: production during zooplankton grazing on phytoplankton. Science 233, 
1314–1316 (1986).
 43. Kwint, R. L. J. & Kramer, K. J. M. Annual cycle of the production and fate of DMS and DMSP in a marine coastal system. Mar Ecol 
Prog Ser 217–224 (1996).
 44. Amo, L., Rodríguez-Gironés, M. Á. & Barbosa, A. Olfactory detection of dimethyl sulphide in a krill-eating Antarctic penguin. Mar 
Ecol Prog Ser 474, 277–285 (2013).
 45. Wright, K. L. B., Pichegru, L. & Ryan, P. G. Penguins are attracted to dimethyl sulphide at sea. J Exp Biol 214, 2509–2511 (2011).
 46. Cimino, M. A., Fraser, W. R., Patterson-Fraser, D. L., Saba, V. S. & Oliver, M. J. Large-scale climate and local weather drive 
interannual variability in Adélie penguin chick fledging mass. Mar Ecol Prog Ser 513, 253 (2014).
 47. Ainley, D. G. et al. Trophic cascades in the western Ross Sea, Antarctica: revisited. Mar Ecol Prog Ser 534, 1–16 (2015).
 48. Barrick, D. E., Evans, M. W. & Weber, B. L. Ocean surface currents mapped by radar. Science 198, 138–144 (1977).
 49. Kim, S. Y., Terrill, E. & Cornuelle, B. Objectively mapping HF radar‐derived surface current data using measured and idealized data 
covariance matrices. J Geophys Res C 112 (2007).
 50. Della Penna, A., De Monte, S., Kestenare, E., Guinet, C. & d’Ovidio, F. Quasi-planktonic behavior of foraging top marine predators. 
Sci Rep 5 (2015).
 51. Maps, F. et al. Linking acoustics and finite‐time Lyapunov exponents reveals areas and mechanisms of krill aggregation within the 
Gulf of St. Lawrence, eastern Canada. Limnol Oceanogr 60, 1965–1975 (2015).
 52. Haller, G. Lagrangian coherent structures. Annu Rev Fluid Mech 47, 137–162 (2015).
 53. R Development Core Team. R: A language and environment for statistical computing (R Foundation for Statistical Computing, 
Vienna, Austria, 2014).
 54. Calenge, C. The packaged adehabitat for the R software: a tool for the analysis of space and habitat use by animals. Ecol Model 197, 
516–519 (2006).
 55. Ainley, D. G. The Adélie Penguin: Bellwether of Climate Change (Cambridge University Press, New York, 2002).
Acknowledgements
This project was funded through the National Science Foundation, award # ANT 1327248, with additional 
support provided by award # OPP-1440435 to WRF. We are grateful to the Antarctic Support Contractor and their 
teams, both in Denver, CO, aboard the ARSV Laurence M. Gould, and at Palmer Station, without whom a project 
such as ours would be impossible. We also thank the students and field assistants for their valued involvement in 
the CONVERGE project. Finally, we thank the Palmer Antarctica Long-Term Ecological Research team, for their 
advice, suggestions and collaboration.
Author Contributions
H.F. radar data collection and analysis was done by J.K., P.W., H.S. and F.C., and E.F. M.O., W.F., D.P.-F., and, K.B., 
and M.C. lead the penguin data analysis relative to the HFR and glider observations. All authors contributed text 
to and reviewed the complete document.
Additional Information
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019
